Abstract--The output power of a wind energy conversion system (WECS) is maximized if the wind rotor is driven at an optimal rotational speed for a particular wind speed. To achieve this, a Maximum Power Point Tracking (MPPT) controller is usually used. A successful implementation of the MPPT controller requires knowledge of the turbine dynamics and instantaneous measurements of the wind speed and rotor speed. To obtain the optimal operating point, rotor-generator characteristics should be known and these are different from one system to another. Therefore, there is a need for an efficient universal MPPT controller for WECS to operate without predetermined characteristics. MPPT control of WECSs becomes difficult due to fluctuation of wind speed and wind rotor inertia. This issue is analyzed in the paper, and an Adaptive Filter together with a Fuzzy Logic based MPPT controller suitable for small-scale WECSs is proposed. The proposed controller can be implemented without predetermined WECS characteristics.
Introduction
Variable-speed fixed-pitch (VSFP) wind energy conversion systems (WECSs) are generally more efficient compared to fixed-speed counterparts, and hence are becoming increasingly popular, particularly in small-scale applications. Wind turbines with variable-pitch control are generally costly and complex. Typically, variablespeed wind turbines are aerodynamically controlled, usually by using power electronics, to regulate the torque and speed of the turbine in order to maximize the output power. Therefore, VSFP approach is becoming more popular for low cost construction, and is the most common scheme for small wind turbines. In this scheme, a Maximum Power Point Tracker (MPPT) is used to control the restoring torque of the electrical generator for optimum system operation [1] . Accordingly, the performance of a VSFP wind turbine could be optimized without the need for a complex aerodynamic control. The maximum output power from the turbine is usually obtained by controlling the system such that the relevant points of wind rotor curve and electrical generator operating characteristic coincide. In order to achieve this, it is necessary to drive the turbine at optimal rotor speeds for a particular wind speed profile.
Techniques that employ wind sensors generally perform well with wind speed variations, as the control system responds to variation in wind conditions [2, 3] .
However, in practice it is difficult to accurately measure the wind speed by an anemometer installed close to the wind turbine, as the latter is exposed to different forces due to wake rotation. Normally, wind rotor blades experience conning and flapping effects due to wind forces. Wind speed varies across the swept area of the wind rotor as a result of the yaw behavior. Accordingly, wind rotor dynamics vary and become difficult to predict in real systems. Therefore, it would be useful to implement a sensorless control strategy, which is proposed in this study, for small scale wind turbine systems that operate without predetermined turbine characteristics.
Aerodynamic Characteristics of the Wind Rotor
Based on the wind turbine aerodynamic behavior, the amount of power that a wind turbine can capture from the kinetic energy contained in the wind is given as [4] :
Where P a is the captured power by the wind rotor, ρ is the air density (kg/m 3 ), R is the radius of the rotor (m) and v is the speed of the incident wind (m/s). C p is the power coefficient which for a given wind rotor depends on the pitch angle of the wind rotor blades and on the tip speed ratio (λ) defined as:
where ω is the angular velocity of the rotor (rad/s).
The wind rotor aerodynamic characteristics are usually represented by the C p -λ relationship, as shown in Fig. 1 . Note that C p is maximum at a certain value of tip speed ratio λ opt (optimal ratio) which results in a maximum power extraction. For variable speed WECSs, when wind speed varies, the rotor speed should be adjusted to follow the optimum operating point for maximum power generation.
Using (1) and (2), the aerodynamic torque (T a ) of a wind rotor can be obtained as:
where
is the torque coefficient and is plotted in Fig. 1 together with C p .
Note that maximum (optimum) C p and C t occur at different λ values.
The aerodynamic torque of a wind rotor is a function of wind speed (v) and rotational speed (ω) of the rotor [5] . For a wind turbine-generator system with a gearbox, the mechanical torque (input to the generator) can be expressed as For small scale wind turbine generators, there is no gearbox and hence K=1. Transform [8] . This gives [9, 10] ; 
where, Φ m is the constant flux due to the permanent magnets. Thus, (6) and (7) become:
The electromagnetic torque of a p-pole machine is obtained as [9] ;
where; p is number of pole pairs.
If the permanent magnets are uniformly mounted on the rotor surface, then L d and L q may be assumed equal and the electromagnetic torque becomes [11] ; . This loss increases at higher torques (as I G is higher) and this operation is associated with low rotational speed and low voltage for the same output power. Therefore, variation of the power loss needs to be considered for maximum power tracking, as described in the following section.
Control Strategies
The inherent wind rotor characteristics shown in Fig. 1 indicate that maximum torque is delivered by the wind rotor at a lower rotational speed as compared to that for maximum aerodynamic power point. Also, the PMG loss varies with the level of torque transmitted through the system. Therefore, optimum operation does not occur at the maximum points of the wind rotor aerodynamic power curves, but at the maximum points of the electrical output power curve, as shown in Fig. 2 .
Consequently in order to obtain maximum power output, the restoring power curve of the generator (shown in Fig.2 ) need to be adjusted to tally with the actual maximum operating point of the PMG output power curve. This is usually done by varying the generator load.
For optimal operation of the WECSs, aerodynamic power utilization needs to be maximized whilst system losses are kept at minimum level. The operating point of the maximum aerodynamic power and the operating point of minimum system losses are not the same. Therefore, the effective power (P) of the system, which is defined in this study as the difference of the aerodynamic power (P a ) and the system losses (P l ), is to be maximized for optimal operation of the system. The effective power versus rotational speed curves for two wind speed conditions V 1 and V 2 are shown in Fig. 3 .
As can be seen, for optimum operation of the wind turbine, if the wind speed varies from V 1 to V 2 , the wind rotor speed should be changed from ω 1 to ω 2 . However, due to the turbine inertia, the rotor speed of the wind turbine cannot change instantly or as fast as the change in wind speed or direction.
Fig. 2. Operating point of the wind power system
MPPT controllers usually employ wind speed sensors (anemometers) to provide a feedback reference signal to the MPPT controller to set the turbine speed. MPPT control may also be implemented using a sensor-less control , where the generator output frequency and power (or torque) mapping techniques are used to track the MPP [14] . Another method for MPPT uses the output power of the PMG as a feedback signal in a "perturbation & observation" algorithm, which is used to find the maximum power point. This "searching" method does not require knowledge of system parameters which makes it suitable for small wind turbines [15, 16] . However, in dynamic conditions, the stored energy of rotating parts varies and tracking of the MPP using the "searching" method becomes difficult as the MPP is not steady. ω & (14) where J is moment of inertia of rotating parts, T e is the electromagnetic torque of the generator and T friction is the torque due to system friction losses. Equation (14) may be rewritten as:
where P a is the aerodynamic power extracted by the rotor, P WR is power delivered by the wind rotor to the generator (see Fig. 4) , P E is the output power of the generator, P l is the electrical and friction losses and
This equation defines the relationship, during dynamic conditions, between the electrical output power of the generator (P E ), the aerodynamic power extracted by the rotor (P a ) and the mechanically stored energy of rotating parts. In this study, an adaptive filter is used to extract the values of ( J . .ω ω & ) and (P a -P l ) from the measured values of electrical output power, as described in the following section. The extracted signals are then used as control signals for the proposed MPPT to define the optimum operating points.
Adaptive Filtering
Wind speed-time series data typically exhibit autocorrelation, which can be defined as the degree of dependence on preceding values [17] . Therefore, variation of mechanically stored energy in the rotating parts ( )
are time series data. Variation of the rotational speed is mainly dependent on the momentum of inertia of the rotating parts. As given by (18) , the electrical output of the generator is the combination of the effective output power (P a -P l ) and the variation of mechanically stored energy. Accordingly, the wind rotor speed and effective output power of the WECS change with the wind speed variations.
In this work, a simulation study (based on real wind data) was used to examine the correlation between the time series data of ( ) Squaring of both sides of (19) : Taking expectation of both sides of (20) , and realizing that p(n) is uncorrelated with z(n) and y(n) 
is minimized in the mean square error (MSE) minimization. When the algorithm converges to minimum mean square error (MMSE) solution, y(n) represents the best estimation of z(n) [18] .
, where p(n) is the best estimate of the error signal e(n). This argument implies that minimization of MSE entails.
If X(t) and Y(t) are two sets of time series data, the correlation coefficient r X,Y between them is given as;
where 
is highly correlated with variation of mechanically stored energy ( )
and weakly correlated with electrical output power (P E ). The signal of variation of mechanically stored energy ( )
has zero mean. Therefore, an adaptive filter in noise cancellation mode can be utilized to filter the effective power (P a -P l ) from the signal of electrical power (P E ) output [19] .
On the basis of this error, the adaptive filter changes its coefficients in an attempt to reduce the error. The input signals to the adaptive filter are the electrical power output
Referring to Fig. 5 ;
is the weight update function and µ is the adaptation step size.
Fig. 5. Function of the Adaptive filtering system
A Least Mean Square (LMS) algorithm was used to estimate the weights of the filter [19, 20] . In this study, an adaptive system with a length of 16 elements was used to identify the input control signals. The outputs of the adaptive filter are;
Performance of the adaptive filter when used with the NERDC wind turbine system is illustrated in Fig. 6 (presented in Fig. 7 ) can be followed to track the optimum power points for any
As the system parameters cannot be evaluated, exact relations between inputs and outputs of the system cannot be enumerated. Therefore, a "Fuzzy Logic" controller is introduced to optimize the performance of the system by considering qualitative parameters of filtered signals from the system outputs. At optimum operating point 0 = ω d dP (see Fig. 7 ). The rotational speed of the wind rotor is controlled by varying the electrical load on the system. The value of Fig. 8 and Appendix (B) (where P=P a -P l ). The Centroid defuzzification method was used to obtain the "Fuzzy set" outputs (∆d) [21] . A block diagram of the proposed Fuzzy Logic based MPPT controller is shown in Fig. 9 .
Fig. 7 Control criteria
The function of the MPPT is to provide the required load on the generator for optimum operation of the system. A schematic diagram of a small wind power system is shown in Fig. 10 . By considering the Buck/Boost d.c.-d.c. converter (shown in Fig.   10 ), the voltage at d.c. bus (V B ) is [22] :
and the corresponding current flow towards the d.c. bus (I B ) is [22] :
where V G is the voltage at the generator side and I G is the current flow from the generator side. D is the duty ratio and varies between 0 to 1 according to [22] :
For a particular wind and rotational speeds, the output power is measured during time interval "t". Then by varying the rate of change of 'D' (∆d) and using "fuzzy logic": 
Comparative Study
Performance of the proposed controller was compared with a controller employing a wind speed sensor, which is taken as a reference. The reference controller provides superior performance [2] , as it respond quickly to wind speed variations. Normally, a proportional integrator (PI) controller is used to derive the maximum possible power from the wind at different wind speeds. An anemometer provides the reference signal to the MPPT controller which associates this to the turbine speed, rotor and generator characteristics [23] . Variations of calculated optimal rotational speeds of the turbine, those obtained using the proposed controller and the reference controller with wind speed sensor are shown in Fig. 11 . Optimal rotational speeds were determined based on the optimum operating points of the system by considering rotor & generator characteristics and wind speeds.
A wind turbine emulator was introduced in this study to evaluate the performance of the proposed controller and compare this with other control strategies. This is necessary to enable testing of the controllers' performance under different controlled conditions (including variable wind data) which are difficult to carry out in practice.
In the context of energy production, simulated results show that the proposed controller performs better than the controller based on a wind speed sensor. These results were verified by using a wind turbine emulator where a commercial DSP board (DS1103) from dSPACE was used to control the effective electric load on the generator. For a typical measured set of actual wind speed data, the energy captured over 2500 seconds period is 150,005 J with the proposed controller whilst that captured by using a controller with a wind speed sensor was 121,479 J. The test results show that the proposed generic optimal controller can capture 12% more energy from the available energy as compared to the wind speed sensor control method. Comparative results of the optimal control strategies are shown in Table 1 . However, as described in this paper, for dynamic control in turbulent wind conditions, the electrical output power is weakly correlated with the input aerodynamic power.
Consequently, it is difficult to determine the optimum operating points by using the hill-climbing technique, as variation of mechanically stored energy significantly affects the electrical power output.
Generally, small-scale WECSs have higher electrical losses due to higher winding resistance of small PMGs. Also, system losses during dynamic conditions are different from those at steady-state. Therefore, optimal operating points in steadystate conditions, which are considered in the wind sensor method, are not the same as those in dynamic state.
In this study, an Adaptive Filter is used to determine a signal representing the aerodynamic power that account for the dynamic conditions and system losses. This signal is used in conjunction with the hill climbing control method and results obtained showed improvement in system performance. Furthermore, a "Fuzzy Logic" based hill-climbing control criterion is proposed to track the optimum operating points of the system by considering qualitative variation of the measured output parameters, without knowledge of system characteristics. The results obtained show that the proposed "generic" MPPT controller performs better than the wind sensor methods. 
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